ABSTRACT Studies were conducted to examine the population genetic structure of Anopheles arabiensis (Patton) in Mwea Rice Irrigation Scheme and surrounding areas in Central Kenya, under different agricultural systems. This study was motivated by observed differences in malaria transmission indices of An. arabiensis within the scheme compared with adjacent nonirrigated areas. Agricultural practices can modify local microclimate and inßuence the number and diversity of larval habitats and in so doing may occasion subpopulation differentiation. Thirty samples from each of the three study sites were genotyped at eight microsatellite loci. Seven microsatellite loci showed high polymorphism but revealed no genetic differentiation (F ST ϭ 0.006, P ϭ 0.312) and high gene ßow (Nm ϭ 29 Ð101) among the three populations. Genetic bottleneck analysis showed no indication of excess heterozygosity in any of the populations. There was high frequency of rare alleles, suggesting that An. arabiensis in the study area has a high potential of responding to selective pressures from environmental changes and vector control efforts. These Þndings imply that An. arabiensis in the study area occurs as a single, continuous panmictic population with great ability to adapt to human-imposed selective pressures.
Malaria in sub-Saharan Africa is transmitted mainly by members of the Anopheles gambiae (Giles) and An. funestus Giles complexes. Within the An. gambiae complex, An. gambiae and An. arabiensis (Patton) are the most widespread and important vectors of the disease. Both species coexist throughout the continent, but An. arabiensis is more adapted to arid environments. In rice growing areas of East Africa, An. arabiensis is the only sibling species of the An. gambiae complex present (Ijumba et al. 2002 , Mutero et al. 2004a . Notable exception to this occurs in Ahero Rice Scheme in western Kenya where both An. gambiae and An. arabiensis coexist (Githeko et al. 1996) . An. arabiensis is a versatile species with ability to feed on multiple host species both indoors and outdoors and to adapt to a wide range of larval habitats ).
Currently, indoor residual spraying (IRS) and insecticide treated bednets (ITNs) are the most widely used vector control measures. Although these methods have proved useful in reducing malaria burden (Lengeler 2004 , Fegan et al. 2007 , their effectiveness has been threatened by increasing prevalence of insecticide resistance by the major malaria vectors as well as the phenotypic ßexibility of An. arabiensis. The need for effective, sustainable alternatives to current vector control strategies is therefore urgent and obvious. One such strategy that has dominated current literature is the prospect of manipulating the vectors by introduction of genes conferring refractoriness to the parasite (Collins 1994, Collins and Besansky 1994) . This approach requires adequate knowledge of genetic structure of the target mosquito populations and the extent of gene ßow among populations. Gene ßow indicates the direction and rates of dispersal among populations and may help in development and evaluation of mosquito control strategies, as well as the management of insecticide resistance (Slatkin 1987, Boete and Koella 2003) . It could also explain the role of vectors in spatial and temporal heterogeneity in malaria transmission (Donnelly and Townson 2000) .
Microsatellites, short tracts of tandemly repeated DNA sequences of up to 6 bp (Schlotterer 2000) are widely used genetic markers because they are codominant, widely distributed in the genome, highly poly-morphic, and easy to score. At least 150 polymorphic microsatellite loci have been characterized in An. gambiae s.l. (Zheng et al. 1993 , Zheng et al. 1996 and have been used to elucidate the population structure and gene ßow within and between members of the An. gambiae complex (Kamau et al. 1999 , Kamau et al. 2007 , Moreno et al. 2007 . Most of these studies have mainly been conducted on An. gambiae and less frequently on An. arabiensis. Existing literature on An. arabiensis has revealed the absence of subpopulation differentiation in relation to larval habitat exploitation (Kamau et al. 2007 ) as well as the lack of annual bottlenecks in response to changes in weather conditions (Simard et al. 2000 , Kent et al. 2007 . However, there is evidence in support of (Simard et al. 1999, Donnelly and Townson 2000) and against (Kamau et al. 1999 , Kent et al. 2007 ) restricted gene ßow among widely separated populations. Where genetic differentiation has been reported, geographic distance and habitat change have been suggested as the main contributors of this differentiation. Conversely, large effective population size and/or recent range expansion as opposed to mass migration (Donnelly and Townson 2000, Simard et al. 2000) has been attributed to extensive gene ßow observed in other studies given the short ßight range reported for this species (Thomson et al. 1995) . In general, past studies have indicated that An. arabiensis has variable deme sizes ranging from as little as 25 km (Donnelly and Townson 2000) to a few thousand kilometers (Kent et al. 2007) .
In Mwea rice scheme of Central Kenya, An. arabiensis mosquito densities decrease as you move away from the scheme (Mutero et al. 2004b , Muturi et al. 2006 . Conversely, the human blood index ) and malaria transmission (Mutero et al. 2004b ) by this species is signiÞcantly lower within than outside the rice scheme. Agricultural practices can modify local microclimate (Karaca et al. 2008) as well as inßuence the number and diversity of larval habitats, all of which affect mosquito reproductive Þtness, survivorship, and fecundity (Afrane et al. 2006) . Such changes may alter malaria transmission indices (Ijumba and Lindsay 2001) and can lead to subpopulation differentiation (Toure et al. 1994 (Toure et al. , 1998 . However, the lack of obvious geographical barriers that might restrict gene ßow between mosquitoes in the surrounding areas, favors existence of a single panmictic population. Some studies have suggested that the presence of mosquitoes in neighboring nonirrigated areas during the dry season is maintained through migration of a few individuals from irrigated areas (Dolo et al. 2004) .
The current study investigated the population structure of An. arabiensis from three sites with different agricultural practices in Central Kenya. We believe that inundated rice Þelds are important sources of vector mosquitoes to the neighboring nonirrigated areas. Therefore, we tested the hypothesis that An. arabiensis in the study area is a single panmictic population that is adapted to a wide range of environmental gradients.
Materials and Methods
Study Area. The study was conducted in three sites, Kangichiri, Kiamachiri, and Murinduko villages located in Mwea division, Kirinyaga District, 100 km North East of Nairobi, Kenya (Fig. 1) . The study area has been the focus of numerous entomological, parasitological and epidemiological studies and has been described in details elsewhere (Muturi et al. 2007 . Kangichiri is within the Mwea Rice Irrigation Scheme and Ϸ75% of the land is under rice cultivation. Farmers in this village follow a deÞned rice cropping cycle as determined by the National Irrigation Board (planned rice cultivation). Kiamachiri is Ϸ5 km away from the rice scheme and Ϸ20% of the village land is used for rice cultivation. Individual farmers decide their own cropping cycle depending on water availability. Murinduko is Ϸ15Ð20 km from the scheme and is generally a nonrice growing village, mainly because of its hilly terrain that renders much (Ϸ90%) of the area unsuitable for rice cultivation. Limited rice growing activity (Ͻ5% of the total area) is done along one major river valley that runs along the edge of the village.
Mosquito Collection. Mosquitoes were collected in 10 randomly selected houses by pyrethrum spray catch (World Health Organization 1975) as described previously (Muturi et al. 2006 ). The collections were done twice per month between 0700 and 1100 hours during August and September 2006.
Genomic DNA Extraction. DNA from individual An. gambiae s.l. mosquitoes was extracted using DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA). Each mosquito was homogenized with the aid of a microtube pestle (USA ScientiÞc, EnÞeld, CT) in a 1.5 ml tube containing 180 l phosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 ) and subjected to DNA extraction according to manufacturerÕs protocol. Isolated DNA was reconstituted in 100 l AE buffer (Qiagen, 10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0) and stored at Ϫ20ЊC for subsequent analysis by polymerase chain reaction (PCR).
Species Identification. Although An. arabiensis is the only known member of the An. gambiae complex occurring in the study area, species identiÞcation was conÞrmed using rDNA PCR method (Scott et al. 1993) . ConÞrmed An. arabiensis samples were used for microsatellite analysis.
Microsatellite Genotyping. Nine microsatellite loci originally identiÞed in An. gambiae and previously used for analysis of An. arabiensis population structure (Simard et al. 1999 , Simard et al. 2000 were evaluated and eight were optimized for use in this study (Table  1) . Thirty samples were genotyped for each study site using previously published primers (Zheng et al. 1996) . PCR ampliÞcation was done using the Veriti Thermo Cycler (Applied Biosystems Inc., Foster City, CA) in a 25 l reaction volume containing 12.5 l of 2X TaqMan Universal PCR Master Mix (containing AmpliTaq Gold DNA Polymerase, AmpErase UNG, dNTPs with dUTP, and optimized buffer components; Applied Biosystems), 0.5 l each of 10 M forward and reverse primer, and 2.0 l of template DNA. Either forward or reverse primer of each pair was labeled with a ßuorescent dye (6FAM, HEX, NED, or PET). Preliminary ampliÞcation of An. arabiensis DNA from individual samples was conducted at denaturation temperature of 96ЊC for 5 min, followed by 40 cycles of denaturation at 96ЊC for 30 s, Þve different annealing temperatures (55, 57, 59, 61, and 63ЊC) for 30 s, extension at 72ЊC for 1 min and a Þnal extension step at 72ЊC for 10 min. The aim of this initial ampliÞcation was to determine the optimum annealing temperature for each set of primers. Optimal PCR conditions were an initial denaturation at 96ЊC for 5 min, followed by 40 cycles of denaturation at 96ЊC for 30 s, allele-speciÞc annealing temperature (Table 1) for 30 s, extension at 72ЊC for 1 min and a Þnal extension step at 72ЊC for 10 min. Each PCR amplicon (2 l aliquot diluted 30 times in nuclease free water) was mixed with 11.5 l of formamide followed by addition of 0.5 l of GeneScan-600 LIZ size standard (Applied Biosystems) for reproducible sizing of the fragments, and analyzed by 3130 Genetic Analyzer (Applied Biosystems). Compatible primer sets were multiplexed to increase the overall assay throughput. A positive and a negative control were included in every genotyping analysis and approximately one-sixth of the specimens for each population were genotyped in duplicate to ensure consistency of allele ampliÞcation. Data were analyzed using GeneMapper software version 4.0 (Applied Biosystems) to derive microsatellite allele sizes and genotypes. To ensure correct genotype scoring, manual visual inspection was carried out.
Statistical Analysis. Genetic diversity of mosquito populations was assessed by the number of observed (Na) and effective (Ne) alleles per locus, heterozygosity (He), and unbiased genetic diversity (H E ). IntraspeciÞc genetic diversity was also assessed by ShannonÕs index (I) (Shannon 1948 ), a robust measure that is relatively insensitive to the skewing effects caused by failure to detect heterozygotes (Dawson et al. 1995) . NeiÕs genetic distances (GD) among population pairs were also determined. GenAlEX6.1 (Peakall and Smouse 2006) was used for these analyses. Hierarchical analysis of molecular variance (AMOVA) was performed to determine the genetic variation portioned at two levels: among individuals within populations and among populations. In addition, estimates of gene ßow (Nm) and WrightÕs F ST among population pairs were carried out, using ARLEQUIN 3.1.1 (Schneider et al. 1997) . Linkage disequilibrium (LD) can give important clues about population structure and history. To test the null hypothesis that genotypes for one locus are independent of genotypes for other loci, pairwise LD between markers was examined using GENEPOP 3.4 (Raymond and Rousset 1995), with 10,000 iterations. GENEPOP creates contingency tables for all pairs of loci in each sample, and then performs a probability test (Fisher exact test) for each table using a MarkovChain-Method.
The samples from the three sites were also examined for evidence of any recent severe decrease in population size (genetic bottleneck). Recently bottlenecked populations exhibit heterozygosity excess at majority of loci. Wilcoxon Signed-Rank Test for heterozygosity excess was employed to detect bottlenecks under three models: the inÞnite alleles model (IAM), stepwise mutation model (SMM), and twophase model (TPM), using BOTTLENECK 1.2.02 (Piry et al. 1999) . Evidence for allele frequency distortion that occurs at neutral loci during bottlenecks was also assessed using the "mode-shift" indicator (Luikart et al. 1998).
Results
Genetic Diversity Among Populations. Nine microsatellite loci were initially screened across the three populations (Table 1) . Two markers, 29C and 49 were excluded from further analysis because the former did not amplify well and the later was monomorphic (79 bp) across all populations. The number of alleles per locus among populations ranged from three (locus 141) to 10 (locus 26); mean 5.29 Ϯ 0.87Ð5.71 Ϯ 0.47. The pooled population number of alleles was however higher, being Þve (loci AR7, AR141, AR803), six (AR24D), seven (AR45, AR147), and 12 (AR26); overall pooled mean Na per locus ϭ 6.7 Ϯ 0.94. There was no signiÞcant difference in the mean number of effective alleles (Ne), Information index (I), and heterozygosity (Ho, He, H E ) (Fig. 1) among the three samples. However, the mean number of private alleles per locus was lower at Murinduko (0.286 Ϯ 0.184) compared with Kangichiri (0.429 Ϯ 0. 297) or Kiamachiri (0.571 Ϯ 0. 297) (Fig. 2) . In general, Ne was much lower than Na, reßecting a high frequency of rare alleles.
Hardy-Weinberg Equilibrium (HWE) and LD. Deviations from HWE were detected in three (Kangichiri and Kiamachiri) and four (Murinduko) out of the 21 HWE tests. However, after Bonferroni correction, only one locus for Kangichiri (AR26), two loci for Murinduko (AR26 and AR147), and three loci for Kiamachiri (AR26, AR141, and AR147) remained outside HWE expectations. Exact tests found no locus pair showing LD in any population after Bonferroni correction, suggesting independent segregation of the typed loci.
Gene Flow and Population Structure. High levels of gene ßow (Nm range ϭ 29 Ð101) were detected between all population pairs ( Table 2 ). The highest gene ßow was between Kangichiri and Kiamachiri, which have the shortest geographic distance (5 km) apart. Nei genetic distances were miniscule (Ͻ0.05), but followed the trend of gene ßow. WrightÕs F ST estimates showed no signiÞcant differentiation among populations. Hierarchical AMOVA corroborated F ST estimates in showing no signiÞcant difference among populations, with only 0.6% of the variation among populations (P ϭ 0.3), while a huge amount (99.4%) of the variation was partitioned within populations (Table 3) .
Bottleneck Analysis. Analyses for evidence of bottlenecks under all known microsatellite mutation models gave insigniÞcant results (P Ͼ 0.05), with alleles showing a normal, L-shaped distribution across all populations (Table 4) .
Discussion
Of the eight microsatellite loci analyzed in the current study, seven were found to be polymorphic, with pooled population allele numbers per locus ranging from 5 to 12 (3Ð10 among individual populations). This level of allelic polymorphism provided powerful measures to identify population subdivision. The mean heterozygosities observed in the current study are comparable to those observed using the same loci in West Africa (0.558 Ð 0.608) and Madagascar, but higher than those observed in the outer, eastern Africa Islands of Ré union and Mauritius (Simard et al. 1999 , Simard et al. 2000 . Results of Hardy-Weinberg tests, linkage disequilibrium and AMOVA indicated that samples from the three study sites belonged to a single, continuous population in panmixia. These Þndings were further supported by the low genetic divergence (as measured by WrightÕs F ST ) that resulted in large estimations of average migration index (Nm Ͼ 1 in all cases). Results across the African continent have shown that An. arabiensis has large deme sizes with little or no differentiation among mosquitoes collected at sites Ͻ200 Ð250 km apart (Kamau et al. 1999 , Donnelly and Townson 2000 , Simard et al. 2000 . In fact, recent studies in Zambia found An. arabiensis samples collected within a 2,000 km 2 to be panmictic (Kent et al. 2007 ). The authors of this study concluded that this species was unlikely to be differentiated at shorter distances except in the presence of a strong topographic barrier. It has been suggested that the high gene ßow observed between widely separated mosquito samples is mostly because of large effective population sizes and/or recent range expansion rather than extensive gene ßow or mass migration (Donnelly and Townson 2000 , Simard et al. 2000 , Kent et al. 2007 . While the observed panmixia signature may as well represent an ongoing inßuence of An. arabiensis recent demographic history (i.e., its recent population expansion), our study cannot rule out the possibility of extensive gene ßow or mass migration.
An. arabiensis occurs more abundantly in irrigated than in nonirrigated areas because inundated rice Þelds provide permanent and extensive aquatic habitats for larval development. During the dry season when most larval habitats are dry, inundated rice Þelds not only continue to support large numbers of mosquitoes, but also elevate relative humidity that aids mosquito survival (Ijumba and Lindsay 2001) . There has been a speculation that migration of mosquitoes from irrigated to nonirrigated areas ensures continuous presence of adult mosquitoes in the latter, especially during the dry periods (Dolo et al. 2004 ). Considering that the three study sites were Ͻ25 km apart, it is possible that dispersal of individuals across the three areas partly accounts for the high amounts of 
Fig. 2.
Microsatellite diversity patterns across populations. Whiskers represent standard errors. Na ϭ Number of different alleles; Ne ϭ Number of effective alleles ϭ 1/(Sum pi2 ); I ϭ ShannonÕs Information Index ϭ Ϫ1* Sum (pi * Ln (pi)); He ϭ Expected Heterozygosity ϭ 1 -Sum pi2 ; Where pi is the frequency of the ith allele for the population and Sum pi2 is the sum of the squared population allele frequencies. (Costantini et al. 1996 , Midega et al. 2007 ). However, some MRR studies have reported collecting mosquitoes as far as 6 km from the release point yet most studies restrict their recapture efforts to distances Ͻ2 km (Costantini et al. 1996 , Toure et al. 1998 . Given its relatively high versatility, it is possible that An. arabiensis may disperse distances greater than the present MRR estimates for An. gambiae. The lack of bottleneck effect on any of our study populations supports the idea of mass dispersal within the deme (Simard et al. 2000 ).
An. arabiensis possess high adaptive potential in the choice of larval habitats, blood meal hosts, feeding and resting sites. In the current study, we found high number of rare alleles in An. arabiensis suggesting that this species has a high potential of responding to environmental changes and pressures imposed by control measures. This may explain why this species thrives in harsher environments compared with its sister species An. gambiae.
The lack of conformance to HWE at some loci was associated with heterozygote deÞciency. Such deÞ-ciency could be caused by Wahlund effect, inbreeding or presence of null alleles. We attributed the large positive values associated with some loci to the presence of null alleles rather than Wahlund effect or inbreeding for two reasons. First, there was no evidence of linkage disequilibrium that should be detected in the case of pooling separate gene pools or inbreeding (Simard et al. 2000) . Second, some individuals failed to amplify at some of the affected loci, but provided PCR product for other loci. Microsatellite null alleles are caused by mutations in the primerbinding sites, leading to PCR-ampliÞcation failures. They have been reported widely in An. gambiae and An. arabiensis population studies (Lehmann et al. 1996 , Kamau et al. 1998 , Simard et al. 1999 , Simard et al. 2000 and complicate interpretation of microsatellite data by causing heterozygote deÞcits.
An important limitation of the current study is that the three agro-ecosystems were each represented by only one study site, with a few (7) microsatellite markers to evaluate the genetic structure of An. arabiensis populations. Future studies should consider using multiple study sites for each agro-ecosystem and a larger number of samples and genetic markers.
In summary, this study records high levels of gene ßow, with no evidence of population differentiation or genetic bottlenecks among three An. arabiensis populations in areas under different agricultural practices. The signiÞcance of these results can be argued in two ways. On the positive side, if the genetically modiÞed mosquitoes maintain the same behavior and adaptive abilities as the wild types, extensive gene ßow would ensure that essential genes such as those conferring refractoriness to disease transmission are easily disseminated into the mosquito population. However, under such extensive gene ßow, insecticide resistant genes can spread rapidly within this geographic region. This is worrisome, especially in our study area, given the present widespread usage of pesticides in rice cultivation as well as ITNs for malaria control. n, no. samples tested.
